ABSTRACT We used four DNA microsatellite markers and detected diploid males in two out of three species of North American bumble bees from Alberta, Canada. The estimated average proportion of diploid males,, in Bombus occidentalis Greene and Bombus perplexus Cresson was Ϸ3% (n ϭ 112) and 6% (n ϭ 104), respectively. However, there was no signiÞcant difference between these estimates. Because no diploid males were detected in the sample (n ϭ 81) of Bombus terricola Kirby, no estimate of could be made directly, but the upper limit to that would be found in a sample of this size, was Ϸ4%. The average over the three species was Ϸ4%. This is the Þrst report of diploid males in natural populations of North American bumble bees.
In many Hymenoptera, sex is determined by genotypes at one or more highly polymorphic complementary sex-determining loci (Whiting 1943 , Crozier 1971 , Camargo 1979 , Heimpel and de Boer 2008 and not by ploidy level per se. Heterozygotes are female and haploids are male; however, diploid males arise with homozygosity at the sex determining locus or loci. These males are often inviable (Petters and Mettus 1980) , or highly infertile (Smith and Wallace 1971) , or, if fertile, they give rise to triploid female offspring (Smith and Wallace 1971 , Garofalo 1973 , Garofalo and Kerr 1975 , Krieger et al. 1999 , Liebert et al. 2005 . Triploids seem to be infertile (although in Solenopsis, it still has to be veriÞed that the triploids are not reproductive and cannot produce viable offspring; Krieger et al. 1999) . Hence, in these instances diploid males can be regarded as being effectively sterile and represent an inevitable genetic cost as a consequence of the system of sex determination. In contrast, diploid males are fertile and produce viable diploid daughters in the wasp Euodynerus foraminatus (Saussure); whether this is an exception or occurs in other species is unknown (Cowan and Stahlhut 2004) .
Although diploid males are expected in any Þnite population, their numbers will increase if the effective population size is small or the inbreeding coefÞcient is high (Owen and Packer 1994, Zayed et al. 2003) . Thus, diploid males may be indicators of inbreeding, population fragmentation, and even pollinator decline (Zayed et al. 2003) . Moreover, in the eusocial Hymenoptera diploid males also have a direct, detrimental effect on colony growth because a proportion of the diploid offspring are males instead of workers (Plowright and Pallett 1979 , Page 1980 , Crozier and Page 1985 , Pamilo et al. 1994 .
Diploid males have been detected in at least 33 species of Hymenoptera, and evidence suggests that a single-locus complementary sex determination (CSD) system is common (Cook 1993 ) but it is not universal (Heimpel and de Boer 2008) . With CSD, diploid males result from matings between a female and a male that have one sex-determining allele in common. These are referred to as matched matings, and in a panmictic population at equilibrium (i.e., where all sex-determining alleles are at equal frequency), they occur at a frequency ϭ 2/k, where k is the number of sex-determining alleles (Adams et al. 1977) . In natural populations, k varies considerably. In honey bees, Apis meillifera L., k typically ranges from nine to 19 (Adams et al. 1977) ; however, higher numbers do occur. Duchateau et al. (1994) estimated 46 sex-determining alleles in Bombus terrestris (L.); an estimate of Ͼ86 was obtained by Ross et al. (1993) for an Argentinean population of the red imported Þre ant, Solenopsis invicta Buren; and Fujiwara et al. (2004) estimate between 45 and 50 alleles in a Þeld population of the sawßy Athalia rosae L. In inÞnite populations at equilibrium the frequency of all alleles will be equal at 1/k; however, in Þnite populations the allele frequencies may deviate from this as a result of mutation, selection, and genetic drift (Yokoyama and Nei 1979) .
The proportion of diploid males in a population can be viewed either as the proportion of diploids that are male (⌽) or as the proportion of males that are diploid () (Owen and Packer 1994) . Operationally, it is usually that is the easiest and the most natural to esti-mate. However, it is the Þrst quantity (⌽) that is directly related to the number of sex-determining alleles, k, whereas the proportion of males that are diploid, , also depends on the primary sex ratio (fertilized:unfertilized eggs). If the diploid: haploid ratio is 1:1, then ϭ ⌽/(1 ϩ ⌽) (Owen 1993 ).
There are relatively few studies of diploid males in natural populations of Hymenoptera (Packer and Owen 1990) , and this is probably because of the difÞculty of detection, even when diploid males are in reasonably high proportions (i.e., Ն10%). In natural populations, the occurrence of diploid males depends not only on the number of alleles (k) for the sex locus and the degree of inbreeding but also on the differential mortality of diploid and haploid males (Owen 1993) . Inbreeding (either as a result of small population size or consanguineous mating) will increase the proportion of diploid males in a population because the probability of matched matings increases.
The use of genetic markers, such as allozymes, is an indirect way of detecting diploid males and yields statistical estimates of the two phis (⌽ and ) Fletcher 1985, Owen and Packer 1994) . The sample size required depends not only on the parametric values of these two quantities but also on the allele frequencies at the marker locus or loci. Large variances associated with the estimates are not uncommon. See Owen and Packer (1994) for the derivation of these estimates. Owen and Packer (1994) discuss the sample size needed to give an expected number of one heterozygous diploid male when a genetic marker is used. Although homozygous diploid males also will exist, they cannot be distinguished from their haploid counterparts.
DNA microsatellites should be more useful, given their high variability, for bumble bees where allozyme variation is low (Owen et al. 1992) . Most previous investigations of diploid males in bumble bees (Garofalo 1973 , Garofalo and Kerr 1975 , Plowright and Pallett 1979 , Duchateau et al. 1994 , Duchateau and Marien 1995 have been conÞned to the laboratory, and there is little information on the proportion of diploid males in natural populations. However, three recent studies have detected diploid males by using microsatellites (Darvill et al. 2006 , Takahashi et al. 2008 . In this study we used DNA microsatellite markers and detected diploid males in two of three species of North American bumble bees. The three species we examined were B. (Pyrobombus) perplexus Cresson, Bombus (Bombus s.s.) occidentalis Greene, and Bomus (Bombus s.s.) terricola Kirby. Although there are some reasons to consider the latter two species to be conspeciÞc (Williams et al. 2008) , we treat them here as separate species.
Materials and Methods
Sample Collection. Males of three species, B. terricola (n ϭ 81), B. occidentalis (n ϭ 112), and B. perplexus (n ϭ 104) were collected from late July to August in 1999 and 2000 from Calgary, AB, Canada. Bees were caught with a sweep net as they either foraged from plants, while they were ßying, or while resting upon vegetation. IdentiÞcation was done by eye and any ambiguous specimens were examined closely on return to the laboratory and compared with laboratory-reared specimens of these three species. The bees from these colonies were eventually pinned and were deposited in the entomological collection at the University of Calgary. In this part of their distributions, males of the two closely related species, B. terricola and B. occidentalis, are reliably distinguished by eye. Male bumble bees are easily distinguished from females by the lack of a sting, the presence of a genital capsule and longer antennae. All bees were housed live in 7-dram plastic vials and stored in a cooler until they were transported to the laboratory where they were killed by freezing.
DNA Extraction, Amplification, and Electrophoresis. Specimen DNA was extracted from bee thoraces by using a modiÞed technique of Chipman (1994) . Four microsatellite primer sets originally developed by Estoup et al. (1995) were used in combination to estimate the number of diploid males in the samples of the three taxa (Table 1) . Each microsatellite marker was considered as a single locus with multiple alleles (bands). Males that were heterozygous at one or more loci were considered to be diploid as homozygous or haploid genotypes cannot be distinguished from one another. The steps for the polymerase chain reaction (PCR) protocol were 5 min of DNA denaturation at 94ЊC, which was then followed by 35 cycles (repetitions) of 1) 1 min at 94ЊC, 2) 1 min at 86ЊC, and 3) 1 min at 72ЊC. Upon completion of the last cycle, reactions were then run for an additional 3 min at 72ЊC. High-resolution detection of microsatellite DNA PCR products was carried out using the nonradioisotopic technique of Lahiri et al. (1997) . The presence of PCR products was Þrst veriÞed on agarose gels. Approximately 11.5 l of PCR products and loading buffer (0.25% bromphenol blue, 0.25% xylene cyanol, and 5% sucrose) was loaded onto 8-by 8-cm square 0.7% agarose gels in 0.5ϫ Tris borate-EDTA (TBE) buffer. Electrophoresis was carried out for Ϸ30 Ð 40 min at 80 V. Upon veriÞcation of their presence, PCR products were resolved on 8% nondenaturing polyacrylamide gels. Approximately 12Ð15 l of PCR products mixed with loading buffer was loaded into 1.6-mm-thick, 30-by 50-cm rectangle 8% nondenaturing polyacrylamide gel in 1ϫ TBE buffer. Electrophoresis was carried out at room temperature for 18 Ð24 h at 300 V, 48 W, and a For each locus, the alleles are designated by numbers, 1, 2, 3, . . . 6, as given in Tables 2 and 3. 30 mA. In each loading, a 123-bp DNA ladder was used to ascertain the size of DNA fragments (bands). The gel was stained with 0.5 g/ml ethidium bromide in 1ϫ TBE buffer for 20 Ð30 min. DNA bands were observed with UV light and photographed using the Gel Documentation System (UVP, San Gabriel, CA).
Estimates of Diploid Males. Estimates of the proportion of males that are diploid () were calculated using a modiÞed version of equation 20 derived by Owen and Packer (1994) . The equation for an estimate based on a single locus with three alleles (using male data only) can be extended to cover any number of alleles:
where ΑB i is the number of heterozygous males, p i is allele frequency, and T is the total number of males sampled. This is not a maximum likelihood estimate, unlike the two-allele case; however, it should be a quite efÞcient estimate (Owen and Packer 1994) . The estimate of has approximate variance,
which holds for small . If only a single diploid male is detected, the SE is the same magnitude as the estimate of . Detecting more than one diploid male thus reduces the SE. Estimates were made for each locus (microsatellite primer set) separately. Data from both years were combined to give a single estimate for each species. This is legitimate because the allele frequencies at the marker loci did not differ signiÞcantly between years.
Results and Discussion
Few diploid males were found in the three species. No diploid males were found in B. terricola and only one was found in B. occidentalis. However, four diploid males were detected in B. perplexus, and three of these were heterozygous at more than one locus ( Table 2) .
Estimates of the proportion of diploid males of B. occidentalis and B. perplexus for each locus are given in Table 3 ; the average being 0.027 (Ϸ3%) and 0.055 (Ϸ6%), respectively. However, for both species, the estimates of from each locus are overlapping, with a maximum of 12.8% ( ϩ SE) in B. perplexus and 6% in B. occidentalis. (Note that no heterozygotes were detected with the B10 locus in B. occidentalis). There is no signiÞcant difference between the highest estimate of in B. perplexus (0.081) compared with the lowest estimate in B. occidentalis (0.025) (z ϭ 1.16, P Ͼ 0.05).
Because no diploid males were detected in the sample of B. terricola, no estimate of can be made directly. Nevertheless, it is possible to set an upper limit to by calculating the proportion of diploid males that would be required to yield one heterozygote in a sample of 81; the actual proportion would therefore have to be less than this. Using equation 1 and the average heterozygosity (H e ϭ 0.33) of the microsatellite loci for B. terricola, ϭ 0.0374 (Ϸ4%). Therefore, we can conclude that must be Ͻ4%.
The proportion of diploid males in these natural populations of Bombus is at the low levels (Ͻ10%) expected in "normal" populations of Hymenoptera, that is, those that are relatively large, panmictic, and have a reasonable number of sex-determining alleles (Owen and Packer 1994) . However, the proportion of diploid makes is probably slightly underestimated because we sampled at the middle to the end of the season, thus missing diploid males produced in the Þrst and second broods of early colonies, some of which would probably have failed because of the diploid a Alleles at each locus are designated by the numbers 1, 2, and 3. males (Plowright and Pallett 1979) . No diploid males were detected in B. terricola, whereas only a single diploid male was detected in B. occidentalis (n ϭ 112). The lack of heterozygous diploid males in B. terricola could be the result of the relatively small sample size (n ϭ 81); Owen and Packer (1994) suggest as rule that a minimum of 100 males should be collected to detect at least one heterozygote, particularly if the heterozygosity at the marker locus (or loci) is low. Four diploid males were detected in B. perplexus (n ϭ 104), giving a slightly, but not signiÞcantly, higher estimate of than in the other species (Table 3) .
Sex determination in Bombus is probably under the control of a single locus (Crozier 1977 , Duchateau et al. 1994 , Plowright and Pallett 1979 . However, it is not possible to estimate the number of sex alleles, k, from our data, even if we assume a single locus CSD, because to do so, data from females also is required (Owen and Packer 1994) . Nevertheless, we can infer that the low values of are at least consistent with there being at least 15Ð20 alleles. Duchateau et al. (1994) found that none of the 41 B. terrestris queens they collected from the wild produced diploid males, and from this they concluded that at least 24 (and possibly up to 46) sex alleles are present in the population they studied. This is the Þrst report of diploid males in natural populations of North American bumble bees, and, as we have suggested, the proportion of diploid males we observed is about what we expect to see in common, widespread species of bumble bees. The three species we studied were all widespread across North America, and although there has been a recent decline in many populations of B. occidentalis and B. terricola (Evans et al. 2008) , at the time the samples were collected neither of these taxa were rare in Alberta. But how do these levels compare with those in species that have been identiÞed as rare and threatened? This is of particular interest as the presence of diploid males may be indicators of inbreeding, population fragmentation and impending population decline leading to extinction (Zayed et al. 2003, Zayed and Packer 2005) . Diploid males have been found in three rare species: Bombus muscorum (L.) (Darvill et al. 2006) and Bombus sylvarum (L.) ) from Britain, and in Bombus florilegus PanÞlov from Japan (Takahashi et al. 2008) . To compare our results with those of Darvill et al. (2006) and Ellis et al. (2006) , we calculated an approximate estimate of in B. muscorum and B. sylvarum by dividing the raw percentage of diploid males by the average expected heterozygosity (He) at the microsatellite marker loci; this is a generalized extension of equation 1. Takahashi et al. (2008) did not estimate , but estimated ⌽ (the proportion of diploids that are male) from colony data. They found diploid males in four of 14 colonies of B. florilegus reared by wild-caught queens. This is the best method (Owen and Packer 1994 ) because this method is directly related to k, the number of sex alleles. Their estimate of k is 8.2 Ϯ 2.07 (Takahashi et al. 2008) . For comparison with the other species this translates to an approximate value for of 10%. The approximate estimates of in the two populations of B. muscorum of 11 and 8% are higher than those of the North American species. Similarly, the value of 10% in B. florilegus is also higher than in the North American species. However, the value of 6% in B. sylvarum is the same as that found in B. perplexus, although greater than in B. occidentalis and B. terricola. There is an obvious trend for these rare and threatened species to have higher proportions of diploid males than widespread and abundant species, but this trend, if real, is weak.
